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Establishing a Framework for Compar ative Analysis
of Genome Sequences

Arvind K. Bansal

Abstract

This paperdescribesa frameworkand a high-level languagetoolkit for comparativeanalysisof

genomesequencelignment. The framework integratesthe information derived from multiple

sequencalignmentand phylogenetidree (hypotheticaltree of evolution)to derive new properties
aboutsequences.Multiple sequencalignmentsare treatedas an abstractdatatype. Abstract
operations have been described to manipulate a multiple seglignoeentandto derivemutation
related information from a phylogenetictree by superimposingparsimoniousanalysis. The
frameworkhasbeenappliedon protein alignmentsto derive constrainedcolumns(in a multiple

sequencalignment)that exhibit evolutionarypressurgo preservea commonpropertyin a column
despite mutation. A Prolog toolkit based on the framework has been implemented and
demonstrated on alignments containing 3000 sequences and 3904 columns.

Keywords: Artificial intelligence, Conservedproperty, GenomesequenceGenometechnology,
Prolog, Protein, Sequence alignment, Sequence analysis, Parsimony, Phylogeny

1 Introduction

The interpretationof geneticsequencelatarepresent®ne of the mostinteresting
puzzlesfacing scientiststoday. This will almostcertainly be the yearin which we gain
accesso completemicrobialgenomesandit is likely that hundredsof completegenomes
will be obtainedduring the coming decade. Eachsuchgenomerepresentthe complete
blueprintof a living organism;thatis, it holdsthe information characterizinga life form.
Deepeningour understandingf such genomesamountsto advancingour graspof life
itself. Suchunderstandingvill almostcertainly drive many applicationsin areasranging
from medicine and agriculture to bio-remediation of the environment.

One fundamentalpproachtoward understandinggeneticsequencealatais based
on comparativeanalysisthat usesphylogeny--- hypothesizingan evolution tree having
commonancestrakequences.For example,the correspondinggenefrom a mouseand
from a humanlook quite similar becausehey may haveevolvedfrom the samecommon
ancestralgenome. An essentialstepin performing comparativeanalysisis to form an
alignmentof similar sequenceshat are believedto be homologous(havinga common
ancestry). The alignment amountsto an assertionof correspondencédetweenthe
charactersin the sequences. For example,considerthe fragmentsof similar protein
sequences$rom five distinct organismsshownin Figure 1. The sequence$ave been
“aligned”; that is, they have beerpositionedso that the charactersn eachcolumn are
believed to be derived fromsinglecharactein somecommonancestrakequenceln the
case of the last sequence, the alignment required introdufiig @sa spacerto maintain
the hypothesized correspondence.



The construction,maintenanceand interpretationof suchalignmentswill play a
centralrole in the interpretationof genomes. This paperdescribesa frameworkandthe
correspondingoolkit of Prologroutinesthatallows usersto gain efficient accesgo such
alignmentsin a high-level languageand to hypothesizethe ancestralcharactersand
mutationeventsby usinga parsimoniousanalysisof phylogeny. This paperalsodescribes
an applicationof the frameworkto derive constraineccolumnsthat exhibit evolutionary
pressure to preserve common properties despite mutations.

>Tuna
VQKCAQCHTVENGGKHKVGPNLWGLFGRKTGQAEGYSYTD
>Hippopotamus

VQKCAQCHTVEKGGKHKTGPNLHGLFGRKT GQS PGFSYTD
>Horse

VQKCAQCHTVEKGGKHKTGPNLHGLFGRKT GQAPGFTYTD
>Human

| MKCSQCHTVEKGGKHKTGPNLHGLFGRKT GQAPGY SYTA
>Yeast

KTRCAQCHT IE AGGPHKVGPNLHG IF SRHS GQAEG - SYTD

Figure 1: A multiple sequence alignment from different organism

The major contributions of this paper are

1. the developmenbdf a generichigh level languagdibrary for complexanalysis

of multiple sequence alignment and phylogenetic tree;

2. thederivationof groupof aminoacidsin homologousroteinsthatsharesome

important common properties despite their differences; and

3. the identification of constrainedcolumns (in an alignment of homologous

sequences)which conserve some common properties despite mutations
resulting into different types of amino-acids in the column.

Furtherapplicationof the framework,when combinedwith heuristicbiochemical
knowledge[2], will facilitate understandingof the structure-functionrelationship of
genome sequences.

The rest of the paper is as follows. Section 2udises someackgroundchecessary
for computerscientiststo understandstandardbiological terminology, and introduces
definitions used to explain our concept. Section 3 discusseshe multiple sequence
alignmentas an abstractdata type. Section4 describesparsimoniouslabeling of a
phylogenetictree. Section5 describesheuristicsto derive constrainedcolumns that
preservea commonpropertydespiteindependentnutations. Section6 briefly describes
other applications of the tool. The last section concludes the paper.

2 Background and Definitions
In this section,somebasicterminologyis definedfor genomeanalysis[1, 7] and

Prolog [8], the targetlanguagefor the developmenbf analysistools. Familiarity with
terminology related to amino-acids and their classification is assumed [6, 9].



For convenience, sequences are represented within square bjracketsgeneric
value is representedvithin angularbrackets< ... >, elementsof a set are represented
within curly brackets{...}, union of setsis denotedby [1, intersectionis denotedby n,
difference of two sets is denoted bynemberships denotedby [J, forall is denotedoy [J,
and abbreviated characters for various molecules are represented within parenthesis.

2.1 Terminology for Genome Analysis

The genomeof anorganismis encodedwithin moleculesof DNA. A moleculeof
DNA is a sequenceof four nucleotides:adenine‘A’, cytosine‘C’, guanine‘G’, and
thymine‘T’. Hence,a DNA moleculeis representetly a sequencef charactersrom the
alphabet {'A’, ‘'C’, ‘G’, ‘'T’}.

RNA moleculesare similar to DNA molecules. The major differencerelevantto
this discussions that uracil ‘U’ occursratherthanthymine. Thus,an RNA moleculeis
represented by a sequence of characters from the alphabet {{A’, ‘C’, ‘G’, ‘U’}.

The generatedools processboth DNA and RNA sequencelata. Hence,it is
convenientto speakof nucleotidesas characterdrom the alphabet{'A’, ‘T, ‘G’, ‘U,
‘C’}, denoted by«

A proteinis a sequenceof different types of moleculescollectively known as
amino acids. Commonly,the sequencef protein comprisesAlanine ‘A’, arginine‘R’,
asparagineN’, asparticacid‘D’, cysteine'C’, glutamicacid ‘E’, glutamine‘Q’, glycine
‘G’, histidine ‘H’, isoleucine ‘I, leucine ‘L’,lysine‘K’, methionineéM’, phenylalanineF’,
proline ‘P’, serine'S’, threonine'T’, tryptophan‘W’, tyrosine‘Y’, andvaline‘V’. The
alphabef’'A’, ‘C’, ‘D, ‘E’, ‘F, ‘G, ‘H, ‘I, 'K, ‘L', ‘M, ‘N, ‘P’, ‘Q’, ‘R’, ‘S, ‘T,
V', ‘W, Y’} is denoted by A4.

A genomesequencegenotedoy S, is of theform [s, ... sv] (L1 <1 <N) wheres
O 2’ for DNA or for RNA ands [0 4 for protein. Two geneticsequenceare similar, if
thereis a significant match betweenthem after limited shifting of characters. Sequence
alignmentis the processof aligning similar sequencesogetherin a way that assertsa
correspondencbetweencharacterghat are thoughtto derive from a commonancestral
sequence.Aligning a set of sequencesequiresthe introduction of spacingcharacters,
which are referred to as indels. thie alignedsequencedid indeedderivefrom a common
ancestralsequencethen indels representevolutionaryeventsin which characterswvere
either inserted or deleted.

A valid nucleotidealignmentcharacteis anelementof A’ {*-'}. A valid protein
alignmentcharacteiis anelementof 4 0 {*-}. A multiple sequencalignment,denoted
by 9, is of the form [<Label, $*1>, ..., <Label;, $"w>]. Eachs® (1 <1 < M) is a
transformedversionof s, suchthatlength?) = length”; ) andeveryelementof 5%, is a
valid nucleotide alignment character;or every elementis a valid protein alignment
character. Eachsequencen the alignmentmusthavean associatediniqueidentifier. A
multiple sequencalignmentis represente@stwo-dimensionamatrix suchthat eachrow
representss”. Each column of s is denotedby C; where 1 < J < lengthG?").
Alternately, a multiple sequencalignmentis representeds an associationof columns,



denotedby C; O ... 0 Cy (whereN = length{s?))) suchthat picking characterat index |
from every column gives the Iy sequence$,.. For convenience multiple sequence
alignmentswill be referredto asalignments. A sub-alignmenis a portion of alignment
that is derived by selecting a subset of the rows and a subset of the columns.

In a conservedcolumn the cumulative occurrence of other charactersis
insignificant comparedwith the occurrence®f the most-occurringcharacter. A set of
columns{Cy,... Cy, ..., Cp} are strongly relatedif the cumulative occurrenceof other
subsequencef charactersin the set is insignificant compared with frequent
subsequences.

A control-sequences usedto mark columnsin an alignment. Markers are
assignedo the subsetof columnscorrespondingo nonindelsin the control sequence.
Thus, one might speak of “E. cgibsition413” meaning‘the columnin the alignmentin
which the 413th nonindel character in the sequence with identifier E.coli occurs.”

Alignmentsarestoredin files in FASTA format. In this format,thefile containsa
sequencef alignmententries. Eachalignmententry beginswith a line containing“>"
immediatelyfollowed by the identifier of the sequence.The remainderof the alignment
entry is composed of one or more lines containing the characters of the sequence itself.

A phylogeneticiree depictsa hypothesizedvolutionaryhistory of the objectsat

the leavesof thetree. If the leavesare organismsthenthe tree showsa setof ancestral
organisms,along with the points at which distinct lineagediverged. If the leavesare
homologoussequencesthen the nodesof the tree correspondto ancestralsequences.
This paperis concernedvith phylogenetidreesin which the leavesaresequencefom an
alignment. A phylogenetictree assertsa hypothesizedevolutionary history for the
sequencesf analignment;thatis the leavesof the tree areidentifiersfrom an alignment.
Now considerthe characterghat occur in a specific column C; of the alignment,and
supposehat the characterof C, are addedto the appropriatdeavesof the tree. What
can be inferred about the ancestralvalues correspondingto the column? There are
different approaches to inferring ancestral values.
Oneapproachs to labelthe internalnodes(assignvaluesto the ancestrakequencesh a
way that minimizes the number of evolutionary events requireggiainthe valuesof the
leaves;thatis, one choosesa parsimonioudabeling. Often, thereare severalequivalent
parsimonious labelings.

Example 1

A proteinalignmentis shownin Figure2. The sequencedentifiersare P25112,
P33285, P33286, P0238and P34789. Eachblock of protein containsten characters.
The alignment contains five rows and 69 columns. The colunh€6 and G are equal
to[Q, G, G, G,Q], [T, V, V, V, T], and[R, R, R, R,R], respectively. The columnCsg iS
a conserved column, and the columpsdhd G- are strongly related.

The correspondingphylogenetictree is given in Figure 3. The leaf nodesare
markedwith sequenceadentifiers P25112, P34789, P33285, P332&%2380;internal
nodesare labeledas No, N;, and N,; and the arcsare markedwith the numericvalues
correspondingo approximateevolutionarydistancessuch as .11540 (betweenP25112
and N) and .16202 (between;dnd N)



1 11 21 26 31 41 51 57 61
> P25112
MDTSRVQPIK LARVTKVLGR TGSQG Q CTQV RVEFMDDTSR SIIRN VKGPV REGDVL TLLE SEREARRL f
>P33285
- MDTKTPVT LAKVI KVLGR TGSRG G VTQV RVEF LEDTTR TIVRNVKGPV REGD IL V LME SEREARRL R
>P33286
- MDS KTPVT LAKV I KVLGR TGSRG G VTQV RVEF LEDTTR TIVRNVKGPV REGD IL V LME SEREARRL R
>P02380
- MDNKTPVT LAKV | KVLGR TGSRG G VTQV RVEF LEDTSR TIVRNVKGPV REND IL V LME SEREARRL R
>P34789
- MDSQIK HAVVVKVMGR TGSRG Q VTQV RVKFTDSD-R  FIMRNVKGPV REGDVL TLLE SEREARRL F

Figure 2: A multiple sequence alignment for homologous proteins

P25112 P34789 P33285 P33286 P02380

Figure 3: A phylogenetic tree for the alignment

2.2 Prolog

Prolog is a popular high level declarativeAl language[8] basedon the logic
programming paradigm. Prolog facilitates programming because of the natural
manipulationof high level datastructuressuchaslists, sets,andtrees. Prolog supports
rapid prototyping, heuristicreasoningand an elegantprogrammingstyle. However,in
orderto reduceany performancepenaltyassociatedvith useof a high-levellanguagea
smallkernelof functions(necessaryor overall performancehasbeenimplementedn the
languageC. The result is a high-level languagelibrary that facilitates rapid code
development and reasonable performance.

3 Alignment as Abstract Data Type

In this sectionalignmentis describedas an abstractdatatype, and a kernelset of
abstractommandss described. Theseabstraccommandgor functions)have beemused
to read large alignments (often alignments contain millions of characters),verify
alignmentsfor the presenceof invalid characters perform statistical computationon
alignments,and integrate analysisof the alignmentwith processingof an associated
phylogenetictree. Sequences from different genome banks may have nonstandard



characterscharactersepresentingambiguity betweenamino acidsat a specific position,
charactersepresentingan unidentifiableamino acid at a specific position,and erroneous
charactersintroduced during information processing. Such charactersnecessitate
validating the characters in a sequence.

During alignmentanalysisthereis a needfor conversionfrom DNA sequencéo
RNA sequenceand vica versa, and conversionof ASCII representatiornto internal
representation for fast counting and statistical computation.

Cumulativecountof differentvalid charactersn a columnis neededor statistical
computation,to identify a set of conservedcolumns,and to identify strongly related
columns.

During sequencealignment,the actual characteran a sequenceure shifted as a
result of presenceof indels. A control sequences usedto refer to positionsin an
alignment:a positionin the alignmentis referredasa pair of the form (positionof the last
valid character of control sequence, number of indels following the character).

Abstract Operations on Multiple Sequence Alignments
read_alignment(input: File; output: Alignment)
reads an alignment from a File (in FASTA format), constucts an internal

representation, and binds the alignment to a “handle” for easy access.

display_alignment(input: Alignment)
displays an alignment.

size_of_alignment(input: File; input-output: Rows, Columns)
reads a multiple sequence alignment from a file (in FASTA format), and returns the
number of sequences and number of columns in the alignment.

alignment_columns(input: Alignment; input-output: Column)
returns (or verifies) the number of columns in an alignment.

alignment_rows(input: Alignment; input-output: Rows)
returns (or verifies) the number of rows in an alignment

alignment_type(input: Alignment; input-output: Type)
returns (or verifies) the type of an alignment.

save_alignment(input: Alignment; output: File)
saves an alignment in a file using FASTA format.

free_alignment(output: Alignment)
removes an alignment from the environment.

copy_alignment(input: Alignment; output: Alignment_copy)



createsa new copy of analignment,andis usefulwhenthe original versionhasto
be preserved.

normalize_nucleotide_alignment(input-output: Alignment)
convertsASCII versionof valid nucleotidecharacter®f a nucleotidealignmentto
internal representation for efficient statistical computation.

normalize_protein_alignment(input-output: Alignment)
convertsASCII version of valid protein charactersof a protein alignmentto
internal representation for efficient statistical computation

transform_to_ascii(input: Internal_characters; output: ASCII_characters)
transformsthe internal represerdtion of characterso ASCII representatiorfor
user interface.

dna_to_rna(input-output: Alignment)
converts all occurrences of ‘T’ by ‘U’.

rna_to_dna(input-output: Alignment)
converts all occurrences of ‘U’ by ‘T,

validate_nucleotide_alignment(input: Alignment; output: Characters)
returns the set of invalid nucleotide characters in an alignment.

validate_protein_alignment(input: Alignment; output: Characters)
returns the set of invalid protein characters in an alignment.

column_characters(input: Alignment, Column; input-output: Sequence)
returns (or verifies) the sequenceof characterdor the specified column of an
alignment.

row_characters(input: Alignment, Row; input-output: Sequence)
returns (or verifies) the sequenceof charactersfor the specified row of an
alignment.

sub_alignment(input: Alignment, Rows, Columns; output: Sub_alignment)

returnsa subalignmenby selectingthe setof sequences an alignment,andthen
selectingthe characterdgrom the given columns. A subalignments also treatedlike an
alignment, and all abstract operations are applicable on subalignments.

identifier_to_row(input: Alignment; input-output: Identifier, Row)
returns (verifies) the row number for an identifier in an alignment.

row_to_identifier(input: Alignment; input-output: Identifier, Row)
returns (verifies) the identifier associated with a row in an alignment.



row_identifiers(input: Alignment; output: Identifier_list)
returnsthe list of identifiersfor all the sequences analignment. The functionis
used to test whether the given sequence is a member of an alignment.

character(input: Alignment, Row, Column; input-output: Character)
returns (or verifies) a character present in a given row and column of an alignment.

set_character(input: Row, Column, Character; input-output: Alignment)
writes a character in the position identified by row and column.

count_sequence_characters(input: Alignment, Rows; output: Counts)

returnsa sequencef pairsof theform [<s,, ¢;>, ..., <Sy, t>] for the given setof
sequencesyheres is a valid nucleotide(or protein) characterffor nucleotide(or protein)
sequence, and is the count.

count_column_characters(input: Alignment, Columns; output: Counts)

returns a sequence of pairs of the form,,[es, ..., <S\, > ] for the givensetof
columns,wheres is a valid nucleotide(or protein) characterfor nucleotide(or protein)
sequenceand ¢ is the count. This function is usedto identify conservedcolumnsand
strongly related columns in an alignment.

map_control_sequence(input: Control_sequence; input-output: Alignment)
buildsup the markersfor eachcolumnposition,andstoresthe markersin a vector
of triples of the form <column, position, markers>.

column_reference(input: Alignment, Column; input-output: Index + Offset)

returnsthe markerfor the a columnin the form (index of last valid characterof
control sequencet Offset), where offset is the number of indels after the last valid
character.

4 Labeling of a Phylogenetic Tree

Pasimony labeling has been superimposedn phylogenetictree to derive the
possibleset of charactersat the ancestrainodes,and to derive mutation eventsduring
evolution. Parsimony has been imposed by using following two principles:

1. Majority rule is usedto identify the value of the parentfor the given valuesof

children,

2. Probability of mutation is equal for every child.

Thesetwo principlesensureminimum cumulativemutation count and have been
citedin literature[3, 4]. This paperdescribes two-passalgorithmfor labeling. Thefirst
phase generatessatof all possibleabelsin a bottom-upmannerby usingmajority rule at
everyinternalnode. The secondpass usea top-downapproachto restrictto onevalue,
using a randomselectionamongequally probablecharactersand identifies the mutation
arcs by comparing the dissimilar values at a parent node and the children nodes.



The rulesfor valuerestrictionduring secondpassis summarizedn Table1. For
convenience, restricted values of the parent nodes are denot&dizswdlueof the child
nodederivedduringthefirst passis denotedasV°;, andthe restrictedvalueof child node
during secondphaseis denotedasV<,. NotethatV®; could be eithera singlevalueor a
set of equally probable values.

Example 2

Figure4 demonstratethe parsimoniousanalysisof the phylogenetidree givenin
Figure 3 for the column57. The resultafter passl is givenin Figure 4a, and both the
possibilitiesof parsimonioudabelingafter pass2 is givenin Figures4b and4c. Thearcs
with a circle mark the mutation events.

Table 1: Rules for parsimonious labeling of a phylogenetic tree

V*; Type Relation V*©, Mutated
singleton Vi=Vvy i no
singleton VvP=Vv4 Ve yes
set vPoOve vP no
set vPOve ove yes
T Vi Pass 1 Vv T Pass 2
T,V Vv T
\ Y \ XY
T vV V \% T T VvV V \% TT vV V \% T
Figure4a Figure 4b Figure4c

Figure 4: Labeling a phylogenetic tree

Abstract Commandsfor Labeling

parsimonious_labels(input: Tree, Alignment, Column; output: Labeled_tree)

builds a labeled phylogenetic tree for a column of an alignment and the
correspondinghylogenetidree. Everyinternalnodeof the labeledtreecarriesthe setof
equally probablevaluesderivedafter passl, the randomlyselectedvalue derivedduring
pass 2, and total mutation count (based on the seleglige)for the subtreerootedat the
node.

min_mutations(input: Labeled_tree, output: Mutations)
returns the total count of mutations for the labeled phylogenetic tree.

pars_values(input: Labaled_tree, output: Node_labels)



returnsthe set of equally probablevalues(derivedduring passl) for aninternal
node of the labeled phylogenetic tree.

5 Identifying Constrained Columns

In this section,| describea heuristicsto identify a significant portion of the
sequenceusing the notion of mutationallyindependenhodes. Two nodesof a labeled
phylogenetidreeare mutationallyindependenif the nodeshavethe samecharactemvhich
is different from the backgroundcharacter- characteroccurringat the root nodeof the
labeled phylogenetic tree, and the rnoteof the minimal subtreecoveringthe nodeshas
background character, and there are only two or three types of characters in a column.

Sincethereare multiple possibleparsimonioudabelingfor a pair of phylogenetic
tree and multiple sequencealignment,choice of independeninodesdependsupon the
choiceof thelabeledtree. However,the presenc®f independenhodesis not affectedby
the choice of the labeled trees.

Example 3

Considerthe labeledphylogenetictreesin Figure 4b and 4c for the phylogenetic
tree in Figure 3 and multiple sequencealignmentin Figure 2. In Figure 4b, the
backgroundcharacteris V; the nodesP25112and P02380are independentodes,since
thenodeN, hasaminoacid charactel/, andboth P25112and P02380havecharacters .
In Figure 4c, the backgroundcharacteris T; and the nodes P34789 and N, are
independent. Note that the number of mutational events betwemadépendenhodess
two.

The constrainedcolumns possibly play a major role in marking the portions
necessaryor structureor function of a genome(or protein) sequencesincethe presence
of the samecharacterdespiteindependenimutationsexhibits evolutionary pressureto
preservea commonpropertynecessaryor stabilizationof the molecule. Moreover,the
differencein the propertiesof two aminoacids(or nucleotidesor genes)at mutationally
independentodesmay be responsiblefor function-preservingrariationsin physicaland
chemical properties between homologous proteins

The algorithm for identifying constrainedcolumnsis given in Figure 5. In the
algorithm,functionparsimonius_|labels generates labeledphylogenetidree, the function
make_string concatenatesll the label in a set, the function character returns the
parsimonious value at the node.

The algorithmwas codedin Prologand executedon varioushomologousprotein
sequencalignmentdn proteindatabanksavailableat ArgonneNationalLaboratory. The
correspondingunrooted phylogenetictree for every protein alignmentwas createdby
using a software at Argonne National Laboratory.

Results and Discussions

Table 2 exhibits the pairs of amino acids and their relative occurrence. The strong
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Algorithm constrained_columns;
Input: 1. A multiple sequence alignment M;
2. A phylogenetic tree T,
Output: 1. S - A set of constrained columns;
2. § - A set of group of substitutable characters in all the constrained columns.

begin
1.8 = ®; $ = ®; /* initialize */;
2. Let the set of columns with two or three types of character§ be S
3.0C0OS" /*process each column containing two or three types of character */
do
4. ™ = parsimonius_labelst); /* generate a labeled phylogenetic tree */
5. Let the background character in the column be B;
6.0 internal node i T such that character(n) has value B
[* pick a node with background character */
do
7. Let the set of characters in left subtree he S
8. Let the set of characters in right subtree he S
9. 8" =5 n S- B; /* get the characters different from the background character */
10.if S # ® then /* non-empty set of characters */
11. S = S 0 {C}; /* mark the columns as constrained*/
12. $ = § 0 {make_string({B} 0 (S")}; /* include in the set */
endif;
od;
od;
end

Figure 5: Identifying constrained columns

substitutabilitybetweentwo amino acidsis relatedto specific commonpropertiesbeing
preserved.Simplerulesof equivalenceandtransitivity do not work in this domain,since
two amino acids may share more than one common property. For example,D is
substituted by E and by N quite regularly. However, E is rarely substituted by N.
The analysisshowsthat a largepercentag®f constraineccolumnsare coveredby
three amino acids--- isoleucine, leucine, and valine--- which form the nonpolar
hydrophobicregionin proteins. Somefrequentlyoccurringpairsare ‘AG’, ‘AP’, ‘AS’,
‘AT, ‘AV’, ‘DE’, ‘DN’, ‘EQ’, ‘FL’, ‘GS’, ‘GN’, ‘IL’, ‘IV’, ‘KQ’, ‘KR’, ‘LM’, ‘LV’,
‘NS’, ‘QR’, ‘ST'. Many of thesepairsbelongto similar subclassof amino acids. For
examplethepairs‘AG™, ‘IL’, ‘IV’, ‘LV’, and‘AV’ arealiphaticaminoacidsandexhibit
hydrophobicity;the aminoacids'DE’ areacidicandhavea fully ionizedsecondcarboxyl
group; the amino-acids ‘KR’ are positively chardmsicaminoacids;andthe aminoacids
‘GS’, ‘GN’, and'ST’ areunchargedolar hydroxyaminoacids. Similarly, the aminoacid
‘N’ isanamideof ‘D’, andtheaminoacid‘Q’ is anamideof ‘E’. Although, someof the
pairs have amino-acids from different sub classes sSUAB3s'AT’, ‘LM’, ‘FL’, andVT.
However thesepairssharea commonproperty. For example,S’ is the hydroxyl version
of the ‘A’; ‘T’ is a hydroxyl versionof ‘V’; ‘and both ‘LM’ and ‘FL’ have nonpolar
hydrophobicside-chain. Someof the lessfrequentpairs suchas ‘KQ’ havea common

1 G is a border line case between non-polar aliphatic amino-acids and uncharged polar amino-acids.

11



potentiality of hydrogenacceptancg9]. A further study of relaxing the constraintsto

allow threedifferent typesof characterin a column exhibitedthat there are constrained
columnswith triplessuchas‘ILV’ a situationthatis to be expectedbecausall threeare
highly hydrophobic aliphatic acids.

Table 2: Relative frequency of correspondence of amino acids for constrained columns

_|A C D E F G H I K L M N P Q R S T Vv W Total Probability in %
A X 11 5 11 2102 2 14 8 2 37 1 4 176 51 51 477 8.8
C 11 X 2 1 1 2 1 2 14 2 36 0.6
D 5 X 165 12 6 2 72 1 2 2 11 3 1 282 5.2
E 11 165 X 6 1 15 1 1 3 5 43 1 2 1 3 258 4.7
F 2 2 X 3 8 118 3 1 3 5 7 152 2.8
G 102 1 12 6 X 6 1 4 5 31 5 3 1 189 35
H 6 1 3 X 3 1 1 9 17 11 3 1 56 1
| 2 1 8 X 1213 25 2 1 1 16 582 1 853 158
K 14 15 6 3 1X 4 2 14 2 23 198 6 6 3 297 55
L 8 2 1118 1213 4 X 81 13 4 6 8 4 87 550 10.2
M 2 2 1 3 125 2 81X 2 1 10 130 24
N 1 72 3 11 9 2 14 X 5 5 28 9 159 29
P 37 1 5 1 4 2 13 X 5 3 15 9 2 97 18
Q 1 2 43 2 17 23 4 2 5 65X 20 2 1 127 23
R 4 2 2 1 511 1 198 6 5 3 20X 2 2 4 266 4.9
S 176 14 11 2 3 31 3 1 6 8 1 28 15 2X 118 419 7.7
T 51 3 1 5 1 16 6 4 9 9 2 2 118X 20 1 248 4.6
\ 51 2 1 3 5 3 582 3 87 10 2 1 20 X 143
w 7_1 1 4 1 14 0.2

6. Other Applications

The tool hasalso beenusedto derive conservedcolumnsand strongly related
group of columns. For example,conservedcolumnsare derived by using the function
count_columnsand by identifying the charactemwith maximumcountwith a percentage
value abovea thresholdvalue. Strongly relatedcolumnsare identified by the iterative
derivation of the countsof character-group$or a set of columns, using the function
count_columnsuchthatthe setof character-groups restrictedto very few possibilities
from Cartesian produe{ X ... XA for nucleotides and X ... X 4.

7. Conclusion

In this paper, a high level languageframework for comparative analysis of
homologoussequencealignmentandthe correspondindoolkit have beemescribed. The
toolkit is suitablefor complexanalysisof large multiple sequencealignmentsand large
phylogenetictrees, and the integrationof information derived from multiple sequence
alignmentand phylogeny. The framework has beenapplied to identify a new set of
constrainedcolumnswhich exhibit some evolutionary pressureto preservea common
property despite mutations resulting into different amino acids The set of these
constrainedcolumns is significant becausetheir common properties characterizethe
portion of homologous protein sequences.

Currently, the propertiesof differentamino-acidgroups(basedon their chemical
structure)are beingstudiedin detail, and strongly relatedconstraineccolumnsare being
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studied in order to integrate this information with secondaryand tertiary structures
predicted using other techniques.
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